Introduction
For interim storage of spent nuclear fuel (SNF) at the Ignalina Nuclear Power Plant (INPP), the so-called "dry" storage technology has been chosen. In this case, SNF after a cooling (pre-storage) period in water pools (no less than 5 years) is placed into GNS (Germany) manufactured metal CASTOR ® RBMK-1500 or reinforced concrete CONSTOR ® RBMK-1500 casks and may be stored for at least 50 years in an open or a closed storage facility. The SNF open storage facility, constructed in the vicinity of the INPP, currently stores 120 CASTOR and CONSTOR type casks, which contain over 6 000 SNF assemblies. The storage is already full.
After the final shutdown of the INPP, up to 18 000 SNF assemblies will have to be appropriately placed into casks and stored. Presently, a new closed type storage facility for RBMK SNF from the INPP Units 1 and 2 is in the final stage of construction. The facility will be capable to store up to 200 of GNS design CONSTOR ® RBMK-1500/M2 type casks for storage of all the remaining SNF. The casks of the new design are of much greater capacity in comparison with those already in use.
Design stage of any nuclear facility includes comprehensive assessment of possible design and beyond design basis accidents arising as a consequence of various external and internal events or due to human errors. Such assessment has been performed for the new SNF storage facility as well. The environmental impact assessment [1] , safety analysis and justification of the basic design consider various factors and conditions that may affect the safety of SNF handling at the reactor units and at the storage facility, casks transportation and long-term storage.
From thermal point of view, the main parameters determining safe storage of SNF and handling of casks are the maximum allowed fuel rod (FR) cladding temperature and the maximum allowed cask external surface temperature. Temperatures for the cask construction materials may also by limited. The designers have established that for long-term storage in the inert helium or nitrogen environment (i.e. for normal conditions), the RBMK SNF cladding maximum temperatures should not exceed 300°C [2] or 350°C [3] . External surface temperature of the cask during their transportation, according to the IAEA requirements [4] , should not exceed 85°C. In case of accidents, the allowed temperatures are higher: maximum FR cladding temperatures should not exceed 570°C [5] , and concrete temperatures should not exceed 177°C [6] . However, the SNF and the cask cannot be kept under these extreme conditions for a long time. The measures have to be taken in order to reduce temperatures of SNF and the cask materials to values that correspond with the long-term storage requirements.
Assurance of safe storage of SNF for such a long period of time requires understanding of different processes that may take place in the cask and also how they can be influenced by the environment at normal and abnormal conditions.
The thermal regime of cask is determined by the release of decay heat from stored SNF, the construction of cask and the storage conditions. Nuclear fuel of various enrichment -from 2.0% to 2.8%, without and with erbium absorber -was used at the INPP [7] . The release of decay heat most significantly changes within the first 7 years, when the fuel is mostly stored in water pools; later, the release of decay heat stabilizes, and monotonically reduces during the subsequent SNF storage time.
In previous studies [8, 9] , thermal modeling results of CASTOR ® RBMK-1500 and CONSTOR ® RBMK-1500 type casks, by use of the numerical calculation code ALGOR (USA), are presented. In the recent study [10] , the thermal modeling results of new CONSTOR ® RBMK-1500/M2 type casks, which will be stored in the new INPP storage facility, are provided. It has been determined, that from the thermal point of view casks of all investigated types are suitable for long-term storage of SNF, which have been cooled in water pools for at least 5 years. Methodically similar calculations are described in the study [11] where calculation code FLUENT (USA) was applied for the analysis of casks with SNF from pressurized water reactors (PWR).
In this study thermal assessment of new design heavy concrete casks of CONSTOR ® RBMK-1500/M2 type is presented for a some, even though very unlikely, but hypothetically possible abnormal conditions -when the cask becomes leaky and looses helium filler, when the cask is erroneously loaded with inner basket containing SNF of the highest enrichment (having maximum decay heat power), and when the ventilation regulation system of the storage hall fails to open shutter grids for a long period of time under extremely hot weather conditions.
The occurrence of the above selected accidents is considered to be very unlikely. The engineering and managerial measures preventing from occurrence of such events are foreseen by designs of the cask and of the storage facility. The selected abnormal conditions, therefore, could be allocated to the category of hypothetical events. Nevertheless understanding the potential impacts and possibilities to detect and mitigate consequences in case of such improbable accidents would occur, gives some additional infor-mation on cask behavior.
Methods of investigation
The sidewall of heavy concrete CONSTOR ® RBMK-1500/M2 cask ( Fig. 1) and mass of the loaded cask is up to 116 tons. All cask loading operations at the reactor units are performed under water. After placing of both baskets with SNF into the cask, the cask body is closed with a cask lid. The water then is pumped out, the cask inner cavity is vacuum dried and the cask is filled with helium. The cask is covered with a protection plate and is transported to the storage facility. Here, the cask is finally prepared for the storage -the protection plate is removed, seal plate and secondary lid are welded, the protection plate is bolted again and the cask is covered with a concrete cover. The cask then is moved to its permanent storage place in the storage hall of the storage facility.
The new storage facility will be located at the distance of approximately 1 km from the power units. The facility is a reinforced concrete structure with walls, roof and a firm foundation. The storage facility consists basically of two halls: the cask reception hall and the cask storage hall for 200 casks. In order to maintain the necessary thermal regime, the storage hall is naturally ventilated through orifices in the walls and the roof. The air flow can be regulated by closing/opening shutter grids fitted to orifices. The storage facility will also have a "hot cell", where, if necessary, a reloading of SNF from one cask into another can be performed.
For thermal analysis of cask, as in previous studies [8] [9] [10] , the general-purpose software (code) ALGOR developed in USA [12] was used. It is a multipurpose code, which allows performing two-and three-dimensional thermal modeling. In this study two-dimensional symmetric cask model in cylindrical r-z system of axes for stationary conditions is analyzed (Fig. 2 ). In the calculation model, all cask elements are modeled by separate zones. The IB load zone (inner basket with SNF excluding basket bot- tom plate) is modeled by three homogeneous zones: 1 -the main active load zone 1, which generates heat, and 2, 3 -the lower 2 and upper 3 inactive load zones, which consist of bottom and top ends of fuel assemblies. The bottom of the basket has the thickness of approximately 0.05 m and is modeled as a separate zone 6. The RB load zone is modeled by two homogeneous zones: 1 -the main active load zone 4, which generates heat, and 2 -the lower inactive load zone 5 with ends of fuel assemblies.
The metal parts of cask body are modeled by one zone 12a, and the heavy concrete filler -by the other zone 12b. The cask lid, seal plate, secondary lid and protection plate are modeled by one zone 7 and concrete cover -by the other zone 8. The horizontal helium gaps 10, vertical helium gaps 11 and air gap 9 are modeled as separate zones also.
Actually, the heat generated in SNF is transferred through IB and RB load zones and helium gaps by conduction, radiation and convection processes. Through cask body heat is transferred only by conduction and from the surface of cask -by radiation and natural convection. During modeling, heat transfer through load zones is calculated using effective thermal conductivity coefficients of each homogeneous zone, and through other zones -using real thermal conductivity coefficients of each respective zone. Coefficients of effective conductivity for IB load zone, which account for the complex conditions of conduction, radiation and convection heat transfer, are established experimentally by designers of the nuclear reactor. However, effective conductivity coefficients for RB load zone are unknown. Therefore, two limiting cases of heat transfer in the RB load zone were analyzed, assuming that: 1 -effective conductivity coefficients are the same as thermal conductivity coefficients of the basket body material, i.e. of aluminum alloy; 2 -effective conductivity coefficients are the same as those of the IB load zone, where materials of lower thermal conductivity prevail. The actual effective conductivity coefficients for the RB load zone are expected to be between these two limiting cases.
Heat transfer through helium gaps was calculated considering only conduction process. However, to account for other heat transfer processes, heat conduction coefficients for vertical gaps, according to [13] recommendations, were increased by the factor of two.
Heat transfer by natural convection from cask vertical cylindrical surface and concrete cover horizontal upper surface (the bottom of the cask is assumed being in adiabatic conditions) is defined from the equation:
where:  conv is heat transfer coefficient; T cask is cask surface temperature; T a is ambient air temperature. Heat transfer coefficient for natural convection from vertical cylindrical surface of cask is calculated from a criterion equation [14] :
where: 
Reference geometrical parameter l in this case is half of the cask radius. Values of heat transfer coefficients and surface temperatures are interdependent, therefore calculation of these parameters is an iterative process.
Heat transferred by radiation from cask surface to the environment is defined from the equation:
where:
is radiation constant; ε = 0.93 is the emissivity coefficient for cask painted surface.
The assessment of solar insulation impact to casks in the new storage facility is not necessary, because the casks are stored in a closed facility and direct solar radiation is not relevant.
The following parameters are used in calculations: values of decay heat power in IB and RB load zones, temperature dependent thermal conductivity (or effective thermal conductivity) coefficients for materials constituting the cask, ambient air temperature, heat transfer coefficients for natural convection from cask surfaces and emissivity coefficient for the cask external surface.
In the calculation code ALGOR, physical properties of all elements constituting the cask model are logged in electronic tables. Further, differential heat conduction equations are solved by finite element method. The calculation results provide temperature and heat flux distribution in the modeled load zones and the body of the cask.
Various SNF loading schemes for the IB and RB are foreseen by the cask design. However, only SNF of 2.0% enrichment, which forms the bulk amount from all the INPP SNF [1] , and which is currently stored in water pools from 7 to 10 years and longer, will be actually placed into the IB. The remaining fuel (including the SNF of maximum 2.8% enrichment) can be stored in the pools for a shorter time. These types of SNF are foreseen to be placed into the RB. The study [10] provides calculations that addresses normal SNF storage conditions, i.e. the IB load zone locates SNF of 2.0% enrichment, cooled in water pools for 7 years, and the RB load zone locates SNF of the highest 2.8% enrichment, cooled in water pools for 5 years (reference designation 7(5)). Therefore, the results [10] provide a basis, which can be used for comparison of results at normal and abnormal conditions. Several very unlikely, but hypothetically possible abnormal conditions are analyzed in this study. First of all, it is the loss of the cask containment leading to loss of helium filler (cask leakage). Normally, the cask is filled with helium at the power units and confinement provided by primary lid is thoroughly tested. However, during transportation of the cask to the storage facility and handling in the reception hall or cask service station, during welding of seal plate and during long-term storage, loss of the cask containment is hypothetically possible. Once seal plate and secondary lid are welded, no confinement control is foreseen during cask storage. Only ambient air and cask surface temperatures will be permanently measured and radiological monitoring will be performed. In case of cask leakage, helium filler would escape from the cask and the cask internal cavity would be filled with air. Heat transfer from fuel bundles would change, moreover, release of airborne radionuclides into the environment is possible.
Other analyzed abnormal conditions could be caused mainly by the human factor -it is an erroneous cask loading with 32M basket containing SNF of maximum decay heat power. Normally, the cask is loaded using the above described scheme 7(5). However, if during of the SNF management and tracking at the power units a very unlikely sequence of events, leading to misidentification of SNF status would be realized, then loading of the cask with IB containing SNF of the highest 2.8% enrichment with maximum decay heat power is hypothetically possible.
The last addressed abnormal conditions are failure of the ventilation regulation system of the storage hall. Normally, the storage hall is ventilated by natural air draught through orifices in the walls and the roof. The air flow is regulated by closing/opening shutter grids fitted to orifices. In case of malfunction in operation of the grids for a sufficiently long time under extremely high ambient air temperature, the air temperature in the storage hall may increase above the design values.
Investigation results
As it has been stated before, calculations were performed for maximally loaded with SNF cask located in the storage facility together with other casks. Two limiting cases of heat transfer in the RB load zone were considered, assuming that: 1 -effective conductivity coefficients are the same as thermal conductivity coefficients of the basket body material, i.e. of aluminum alloy (maximum possible conductivity); 2 -effective conductivity coefficients are the same as those of the IB load zone (minimum credible conductivity). Specific assumptions and calculation results obtained for each investigated abnormal conditions are discussed below.
Cask leakage
Under these abnormal conditions it is assumed that helium filler has been leaked out from the cask and is replaced with the air. The normally expected cask loading scheme 7(5) [10] has been considered in the calculations: IB is loaded with 2.0% enrichment SNF, cooled in water pools for 7 years, and RB -with 2.8% enrichment SNF, cooled in water pools for 5 years. The decay heat power of 102 fuel rod bundles in IB constitutes Q i = 4.77 kW and of 80 fuel rod bundles in RB -Q r = 6.21 kW. The ambient air temperature in the storage facility is assumed to be t a = 35°C, which, in comparison with the single cask storage conditions, is by 5° higher to account for heat release from the neighboring casks.
Distribution of temperatures in the leaky cask for the first and the second calculation cases is presented in Fig. 3 . Maximum temperature is calculated in the center of the IB load zone and is approximately 428°C for the first calculation case (a) and approximately 473°C for the second calculation case (b). It is assumed, that these temperatures correspond with maximum temperature of FR cladding. With increasing of distance from the center of the cask, both in axial and in radial directions, temperatures decrease. Temperature gradients in radial direction are higher than in axial direction. As it can be seen, calculated temperatures in the IB load zones exceed maximum allowed FR cladding temperature for normal conditions (300°C), but do not exceed maximum allowed short-term temperature in case of an accident conditions (570°C).
Calculated maximum temperature in the RB load zone is up to 255°C for the first (a) and up to 324°C for the second (b) calculation cases. Therefore, it can be expected that actual FR cladding temperature in the RB load zone practically will not exceed the maximum allowed temperaa b Fig. 3 Distribution of isotherms in leaky cask filled with air for the first (a) and the second (b) calculation cases ture for normal conditions (300°C). Calculated maximum temperatures of the cask side surface in both cases do not exceed 90°C, and temperatures of the concrete cover surface reaches 40°C. Moreover, temperatures in the concrete cover are significantly lower than the temperatures in the cask bottom. This is due to assumption of adiabatic conditions for the cask bottom, although in reality, there will be a 20 mm air gap between the bottom of cask and the floor of the storage hall. Actually, due to the natural convection, temperatures at the cask bottom will be lower by 35-40°C.
Comparing calculated maximum temperatures in the cask for normal and abnormal conditions (see Table) , it can be seen, that under investigated abnormal conditions maximum temperatures in the IB load zone may increase by approximately 160°C. The same temperature increase in the RB load zone constitutes approximately 120°C. Meanwhile, temperatures of the cask body filler, cask side and concrete cover surfaces almost do not change. This is due to significant reduction of heat transfer in the cask cavity, which is assumed being filled up with the air. Therefore, it will be practically impossible to detect helium leakage by measurement of temperatures of the cask outer surfaces. This may only be detected by registering airborne radionuclide release from the leaking cask.
Evaluation of the leaky cask thermal behavior for the long-term storage period (Fig. 4) shows, that temperatures in the SNF and the cask components most significantly change within the first 7 years after SNF loading. Later on, gradient of temperature change stabilizes. Maximum temperatures in the IB load zone will decrease to the maximum allowed FR cladding temperature for normal conditions (300°C) in approximately 20 years. This indicates that if the cask becomes leaky after storage for 20 years, the increase of SNF cladding temperatures will not exceed permissible safe storage limits. It is also seen, that temperatures of the cask body concrete filler practically do not exceed 100°C and are much lower than the maximum allowed concrete temperature of 177°C. Fig. 4 Change of maximum temperatures in leaky cask components and SNF during long-term storage for the first (1, 3) and the second (2, 4, 5-7) calculation cases: 1, 2 -IB load zone; 3, 4 -RB load zone; 5 -cask body filler; 6 -cask body outer side surface; 7 -concrete cover surface Summarizing, it may be noted that the most impacting conditions occur if the cask would leak within the first 20 years of storage. After detecting of the cask leakage, it is necessary during a quite short period of time to eliminate the leakage cause and refill the cask with helium. In the case of helium leakage at the later time, the SNF cladding temperatures will not exceed the maximum allowed temperature for normal conditions.
Erroneous cask loading
Under these abnormal conditions it is assumed that the cask is erroneously loaded with IB containing SNF of maximum decay heat power. Therefore, calculations consider that the both IB and RB contain SNF of the highest enrichment (2.8%), that has been cooled in water pools for 5 years, i.e. the considered cask loading scheme is 5(5). The decay heat power of 102 fuel bundles in IB constitutes Q i = 7.92 kW, and of 80 fuel bundles in RB -Q r = 6.21 kW. As in previous case, the assumed ambient air temperature is t a = 35°C. Fig. 5 presents temperature distribution in radial and axial directions of the cask for the first and the second calculation cases. As it can be seen, under these abnormal conditions the calculated maximum temperature of the IB load zone reaches 330°C for the first and 400°C for the second calculation cases. However, the maximum allowed short-term FR cladding temperature in case of an accident conditions (570°C) is not exceeded. In this case, maximum temperatures are calculated in the center of the cask also. With increasing of distance from the center of cask, both in axial and in radial directions, temperatures decrease. Temperature gradients in radial direction are higher than in axial direction. Temperatures at the bottom of the cask are higher than in the concrete cover. Sharp drops of temperature along ~1 m radius in the radial direction and along distance of ~0.4, ~4.1 and ~4.6 m in the axial direction, are due to enhancement of heat transfer in the helium and the air gaps. Comparing calculated maximum temperatures in the cask for normal and abnormal conditions (see Table) , it can be seen, that under investigated abnormal conditions maximum temperatures increases not only in the IB and RB load zones (up to 80°C in the IB load zone and up to 45°C in the RB load zone), but also at the outer side surface of the cask (increase is up to 12°C). Therefore, the state of erroneously loaded cask may be detected from measurement of cask outer side surface temperatures and appropriate measures can be applied to eliminate the ab-normal conditions (e.g. by reloading of part of the SNF into a new cask).
Failure of ventilation regulation system
Under these abnormal conditions it is assumed that shutter grids of ventilation orifices are closed and the ambient air temperature of t a = 45°C stays in the storage hall for a sufficiently long time. This temperature is close to the registered maximum air temperature during the hottest season in the Ignalina region. The normally expected cask loading scheme 7(5) [10] has been considered in the calculations: IB is loaded with 2.0% enrichment SNF, cooled in the water pools for 7 years, and RB -with 2.8% enrichment SNF, cooled in the water pools for 5 years. Decay heat power is Q i = 4.77 kW and Q r = 6.21 kW for IB and RB load zones, respectively.
Comparing the calculated maximum temperatures in the casks for normal and abnormal conditions (see Table) , it can be seen, that under investigated abnormal conditions maximum temperatures of the IB and RB load zones will increase by only 6-10°C and practically do not exceed maximum allowed FR cladding temperature for normal conditions (300°C). Maximum temperatures of other cask components, i.e. cask body filler, concrete cover, bottom and side surfaces, increase by approximately 10°C. Therefore, if these abnormal conditions would not be eliminated for a sufficiently long time, this will not lead to increase of FR cladding temperatures considerable above the safe storage limits. Presence of the abnormal conditions will be detected by increased ambient air temperature in the storage hall and by increased surface temperatures of the stored casks.
The results of calculated maximum temperatures for all investigated cases are summarized in Table. Table  includes calculated maximum temperatures of the IB and  RB load zones (FR cladding) , maximum temperatures in the cask body filler (heavy concrete) and maximum temperatures of the cask outer surfaces -cask side, concrete cover and bottom. It can be seen, that the most significant temperature increase in the SNF load zones may be expected in case of cask leaking leading to loss of helium filler. Calculated temperatures indicate, that temperature in the IB load zone will exceed the maximum allowed FR cladding temperature for normal conditions (300°C), but will not exceed the maximum allowed short-term temperature in case of an accident conditions (570°C). Temperatures in the RB load zone practically will not exceed the maximum allowed temperature for normal conditions. Temperatures of the cask body filler and the cask outer surfaces are most significantly impacted by erroneous loading of cask IB with SNF of maximum decay heat power. Nevertheless, temperatures of concrete filler will not exceed the maximum allowed temperature for concrete in case of an accident conditions (177°C). The concrete cover experiences maximum temperature increase in case of failure of the ventilation regulation system. However, this temperature increase is insignificant from impacting point of view. 
Conclusions
1. Thermal assessment of new design heavy concrete casks CONSTOR ® RBMK-1500/M2 for SNF storage at the INPP new storage facility has been performed for a some, even though very unlikely, but hypothetically possible abnormal conditions -when the cask becomes leaky and looses helium filler, when the cask is erroneously loaded with IB containing SNF of maximum decay heat power, and when the ventilation regulation system for the storage hall fails to open shutter grids for a long time under extremely hot weather conditions. Calculations have been performed using the ALGOR calculation code (USA) for the conditions when cask is in the storage facility.
2. Calculations revealed that in the case of cask leakage leading to loss of helium filler, temperatures in the IB load zone will increase by approximately 160°C and will exceed the maximum allowed FR cladding tempera-ture for long-term storage (normal) conditions (300°C), but will not exceed the maximum allowed short-term temperature in case of an accident conditions (570°C). Temperatures in the RB load zone practically will not exceed the maximum allowed temperature for normal conditions. Temperatures of cask outer surfaces will change negligible, therefore, it will be practically impossible to detect helium leakage from temperature measurements, and only the release of airborne radionuclides from leaking cask might be registered.
3. In the case of cask leakage, the most impacting conditions occur if cask would leak within the first 20 years of storage. After detecting of the cask leakage, it is necessary during a quite short period of time to eliminate the leakage cause and refill the cask with helium. In case of helium leakage at the later time, the FR cladding temperatures will not exceed the maximum allowed temperature for normal conditions.
4. In the case of cask erroneous loading with IB containing SNF of maximum decay heat power, temperature increase in the IB load zone will be less significant than in previously investigated case and will constitute approximately 80°C. Nevertheless, temperatures in the IB load zone will exceed the maximum allowed FR cladding temperature for normal conditions (300°C). Temperatures in the RB load zone will always be lower the maximum allowed temperature for normal conditions. Temperatures of cask outer side surface will increase up to 12°C, therefore, the state of erroneous cask loading may be detected from side temperature measurements, and appropriate measures can be applied to eliminate the cause of abnormal conditions.
5. In case of failure of ventilation regulation system of the storage hall for a sufficiently long time under extremely hot weather conditions, maximum temperature increase in the IB and RB load zones will constitute approximately 6-10°C and practically will not exceed maximum allowed FR cladding temperature for normal conditions (300°C).
6. Temperatures of the cask body filler (heavy concrete) in all investigated cases will never exceed the maximum allowed temperature for concrete in case of an accident conditions (177°C).
